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Introduction:

Drugs that inhibit microtubule functions are one of many anti-neoplastic drugs that are
used to combat breast and other cancers. Taxol and vincristine are microtubule poisons
that block the proper function of microtubules that are essential for a broad spectrum of
motile biological processes that include cell division, vesicle transport, cell shape, and
flagella functions. For rapidly proliferating cancer cells, anti-microtubule drugs offers a
highly effective means to block cell division and thus stop tumor growth. Nevertheless,
these drugs block other microtubule dependent processes that adversely affect the
functions of many non-dividing cells. Furthermore, there is the complication that the
cancer cells can develop multi-drug resistance that makes them refractile to conventional
anti-neoplastic agents. The identification of novel drugs with increased selectivity
towards mitotic processes and act synergistically with existing anti-microtubule drugs
should enhance and refine the modalities used to treat breast cancer patients. Our interest
in the molecular and biochemical mechanisms that are central to mitosis in human cells
has led to the identification of novel proteins and pathways that are suited for designing
highly specific anti-mitotic drugs. The objective of this proposal is to disrupt such
pathways in established breast cancer cell lines to validate them as suitable targets for
developing new anti-mitotic drugs.

Body:
We proposed to manipulate two pathways that are known to be essential and

operate only in mitosis of human cells to validate them as suitable targets for the
development of novel anti-neoplastic agents. One pathway is specified by the kinesin-
like motor protein CENP-E that is essential for aligning chromosomes at the spindle
equator during mitosis. The second pathway is a checkpoint pathway that is specified by
multiple proteins to ensure cells do not prematurely exit mitosis in the presence of
unaligned chromosomes. We proposed four tasks to achieve our goals. We have chosen
to analyze three established breast cancer lines and compare their responses to the Hela
cervical carcinoma cell line, with which we have studied these two pathways extensively.
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Task 1. Evaluate expression of mitotic proteins CENP-E and checkpoint proteins in
established breast cancer lines.

1 234
We have conducted immunoblot analysis to determine - - BUBI

the expression of CENP-E and the checkpoint proteins, - ACTIN
hBUB1, hBUBR1, MADI, MAD2 and Cdc20 in MCF7, MAD1

T47D, MDA 231 and MDA468 cells. Most of these proteins ACTIN

were found to be expressed in these cell lines and thus
confirmed that they are valid in vivo targets (Figure 1). The MAD2

exceptions were that BubRI expression was low in MCF7 O ACTIN

while Mad2 expression was low in T47D cells, when I BUBRI

compared with the other cell lines. In addition to these O ACTIN
proteins, we also probed for expression of several other * CENPI

kinetochore proteins whose functions are now know to be
important for the mitosis. These include CENPI, CENP-F, ACTIN
ZW1O and Nuf2. We have determined that all of these zwio
proteins are localized to kinetochores in MCF7 and MDA-468 V ACTIN

cells. Figures 2 and 4 show localization of hBUB1 and C

CENP-E to kinetochores of mitotic MCF7 and MDA468 cells, am*"
respectively. The presence of CENP-E and various " ACTIN
checkpoint proteins at kinetochores support our prediction that - NUF2

these proteins provide similar functions in mitosis as we have :,W m% ACTIN
shown in Hela cells.

We have also examined the response of MCF7 and • CENPE

MDA468 cells to the microtubule inhibitor, nocodazole and ACTIN

found that this drug will delay cells in mitosis. These findings
indicate that the mitotic checkpoint pathway is likely to be Fig. 1. Expression profile

intact in these cancer cell lines. Thus, the various checkpoint of nine kinetochore

proteins that we proposed to analyze in this project are strong cell lines. MCF7 (1), T47D

candidates with which we can use to inhibit this pathway. (2), MDA-231 (3) and

MDA468 (4) were probed
with indicated antibodies.
Actin was used as a loading
control.

Task 2. Evaluate response of T47D, MCF-7 and MDA-MB-468 cells to inhibition of the
mitotic checkpoint proteins, hBUJBR1, hBUB3, cdc20 and MAD2.

As we have confirmed that these breast cancer lines express the target mitotic
checkpoint proteins, we have initiated efforts to inhibit the mitotic checkpoint. We had
originally proposed to accomplish this by microinjecting antibodies and overexpression
of dominant negative mutants. However, new advances in silencing gene expression by
RNA interference (RNAi) have altered our original strategy.
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Figure 2. MDA468 and MCF cells
MDA-MB-468 c o were trans-fected with a control (left

panels) or BUBI (right panels)
siRNAs and mitotic cells were
stained with rabbit anti-hBubl,
mouse anti-tubulin and DNA.
Images were captured with a 63X
oil objective and then pseudo-
colored and merged.

Using siRNA, we have successfully inhibited the expression of hBUB 1 kinase in
Hela cells. One unexpected finding was that the loss of hBUB1 prevented the assembly
of MAD 1, MAD2 and hBUBR1 checkpoint proteins to the kinetochore (data not shown).
Thus, inhibition of hBUB1 kinase may result in the inhibition of multiple checkpoint
proteins. Based on these studies, we have transfected MCF7 and MDA468 cells with
hBUB I siRNA. At the single cell level, it is clear that hBUB 1 expression can be reduced
by siRNA (Figure 1). However, the low transfection efficiencies of these cell lines have
made it difficult to interpret results from clonogenic experiments. While there are
instances where cells transfected with hBUB1 siRNA exhibited reduced efficiency of
colony formation (Figure 2), this outcome is highly variable.

6



YEN, Tim J.

We attribute this to the
variability in transfection
efficiencies of MCF7 and
MDA468 cells. To overcome
this obstacle, we plan to infect
cells with a recombinant . .
lentivirus that express the
siRNA of interest. This viral
delivery system was developed
to overcome problems with poor
transfection efficiencies. We are
in the process of making the
appropriate constructs so that
we may generate large stocks of
recombinant lentivirus for the
clonogenic studies.

Figure 3. MCF7 (top panel) and
MDA-468 (bottom panel) cells were
transfected with BUB1 (left), control
(center) and CENP-E (right) siRNAs
and were plated at approximately 200
cells per 35cm plate. Colonies were
stained and counted on day 15 for
MCF7 and day 11 for MDA468. Left
axis represents colony number.

Task 3. Evaluate CENP-E as a target to block T47D, MCF-7 and MDA-MB-468 cells in
mitosis.

As with our studies of the checkpoint pathway, we have opted to inhibit CENP-E
function by RNAi technology. Using Hela cells as a positive control, we succeeded to
inhibit expression of CENP-E and cells arrest in mitosis because chromosomes fail to
align properly (data not shown). As before, we are able to reduce CENP-E expression in
MCF7 and MDA468 cells at the single cell level. We are therefore also generating
recombinant lentivirus that express CENP-E RNAi so that we may conduct our
clonogenic survival studies.

7
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Figure 4. MDA468 and MCF cells were
• control CENP-E siN •trans-fected with a control (left panels)

or CENP-E (right panels) siRNAs and
mitotic cells were stained with rabbit
anti-CENP-E, mouse anti-dynein and
DNA. Images were captured with a
63X oil objective and then pseudo-
colored and merged.

MDA~~-M-468cnrlCN1 iN

. .

Although not an official aim of this project, we recently obtained the crystal structure of
the monomeric motor domain of CENP-E and the results of these studies are now in
press. This work was conducted in collaboration with Dr. Kozielski who is a
crystallographer. The purpose of this study is to use the structure to design chemical
inhibitors of CENP-E. As we have previously shown that the motor domain of CENP-E
is critical for its function in vivo, such inhibitors would complement the RNAi approach
to knockdown CENP-E function. Inhibitors have been identified but they are not cell
permeable. Ongoing efforts are to derivitatize the compounds to improve cell uptake.

Task 4. Maintaining stocks of affinity purified antibodies.
Over the past year, we have generated monoclonal antibodies to hBUB1,

hBUBR1 and MAD 1 proteins. The existence of monoclonal antibodies to these and other
checkpoint proteins provides us with a continuous source of high quality antibody. While
the efforts to generate monoclonal antibodies are significant, we are certain that it will
reduce the labor that is required to maintain stocks of polyclonal antibodies. We have
recently generated a monoclonal antibody against CENP-E. We succeed to generate a
Mad2 monoclonal antibody that can be used for immunoprecipitations and western blots
but is ineffective for immuncyochemistry. Both monoclonal antibodies have been
licensed commercially.
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Key Research Accomplishments:

"* Confirmed expression and localization of CENP-E and the mitotic checkpoint
proteins hBUB1, hBUBR1, MADI, MAD2, Cdc20 and CENP-E, in MCF7, T47D,
MDA231 and MDA468 cells.

"* Optimized and tested a variety of transfection reagents and found a newly developed
product that efficient;y delivers siRNA into all four cell lines. Prior to this, we had
verified using available reagents that siRNA can inhibit the expression of CENP-E
and hBUB1 in MCF7 and MDA468 cells.

"* Generated monoclonal antibodies to hBUB 1, hBUBR1,MAD1, MAD2 and CENP-E.
"* Obtained the crystal structure of the CENP-E motor domain.

Reportable Outcomes including Bibliography of Publications:

Jablonski, S.A., Liu, S.T., Yen, T.J. Targeting the kinetochore for mitosis-specific
inhibitors. Cancer Biol. Ther. 2:21-26, 2003. Appended in Annual Report submitted
July 2005.

Liu, S.T., van Deursen, J., Yen, T.J. The role of the mitotic checkpoint in maintaining
genomic stability. Edited by G. Schatten. Curr. Top Dev. Biol. 58:27-51, 2003.
Appended in Annual Report submitted July 2004.

Joseph J, Liu ST, Jablonski SA, Yen TJ, Dasso M. The RanGAP1-RanBP2 complex is
essential for microtubule-kinetochore interactions in vivo. Curr Biol. 2004 14:611-7.
2004. Appended in Annual Report submitted July 2004.

Garcia-Saez, I., Yen, T.J., Wade,R.H., Kozielski, F. Crystal structure of the motor
domain of the human kinetochore protein CENP-E. J. Mol. Biol. 340:1107-1116. 2004.

Kao G., and Yen, T.J. Mitotic checkpoints, aneuploidy and cancer. In: Genome
Instability and Cancer Progression. Ed. E. Nigg. In press.

Chan, G.K.T., Liu, S.T., Yen, T.J. Structure and function of the human kinetochore.
Trends in Cell Biol. In press, galley proofs not yet available.

Licensed hBUB1, hBUBR1, CENP-E, MADI and MAD2 monoclonal antibodies to BD

Sciences. Immuquest, Novus Biologicals, Chemicon, AbCAM, Sigma.

Conclusions:

We validated the expression of candidate target genes in various breast cancer
lines and have used siRNA to inhibit their expression in these cells. However, the low
transfection efficiencies has prevented us from conductiong clonogenic survival
experiments. Nevertheless, we are optimistic that the viral delivery system will allow
populations of cells to be uniformly infected with recombinant lentivirus that express
siRNA. This will allow us to reliably evaluate results from clonogenic studies.

The availability of the crystal structure of the motor domain of CENP-E will
afford the opportunity to obtain chemical inhibitors that can be used to test for clonogenic
assays. This in combination with siRNA will enhance our ability to target multiple
mitotic proteins to assess their importance to the viability of breast cancer cells.
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Crystal Structure of the Motor Domain of the Human
Kinetochore Protein CENP-E

Isabel Garcia-Saez', Tim Yen 2, Richard H. Wade' and Frank Kozielskil*

'Laboratoire de Microscopic The human kinetochore is a highly complex macromolecular structure
Electronique Structurale that connects chromosomes to spindle microtubules (MTs) in order to
Institut de Biologie Structurale facilitate accurate chromosome segregation. Centromere-associated
(CEA-CNRS-UJF), 41, rue protein E (CENP-E), a member of the kinesin superfamily, is an essential
Jules Horowitz, 38027 Grenoble component of the kinetochore, since it is required to stabilize the attach-
Cedex 01, France ment of chromosomes to spindle MTs, to develop tension across aligned

2 Institutefor Cancer Research chromosomes, to stabilize spindle poles and to satisfy the mitotic check-

Fox Chase Cancer Center, 333 point. Here we report the 2.5 A resolution crystal structure of the motor
Fox n CAveCnue, CPhiladelphia domain and linker region of human CENP-E with MgADP bound in theCotPtan Avenue, L active site. This structure displays subtle but important differences com-
PA 19111, USA pared to fl-te structures of human Eg5 and conventional kinesin. Our struc-

ture reveals that the CENP-E linker region is in a "docked" position
identical to that in the human plus-end directed conventional kinesin.
CENP-E has many advantages as a potential anti-mitotic drug target and
this crystal structure of human CENP-E will provide a starting point for
high throughput virtual screening of potential inhibitors.

© 2004 Elsevier Ltd. All rights reserved.

*Corresponding author Keywords: CENP-E; crystal structure; kinesin; kinetochore; mitosis

Introduction proteins that were enriched for known centro-
mere/kinetochore components.' Subsequently,

During cell division, chromosomes capture CENP-E was found to be a novel member of the
spindle microtubules and congress to the spindle kinesin superfamily.9 Since the initial discovery,
equator. They then separate by moving towards CENP-E has been identified in Xenopus laevis,"
the spindle poles to provide each daughter cell Drosophila melanogaster" and phylogenetic
with the same set of genetic information. A highly sequence analysis has identified putative homo-
regulated macromolecular complex, called the logues in Mus musculus" and in Arabidopsis
kinetochore, connects chromosomes to spindle thaliana.14

microtubules. Significant progress has been made The expression of CENP-E in human cells is cell-
in recent years to identify kinetochore-associated cycle-dependent. It is low in early G1 phase but
proteins and to elucidate their roles during mitosis increases as cells progress through the cell cycle
(reviews'-5 ). Among many other proteins, kineto- and peak levels are detected during late G2 phase
chore-associated motor proteins such as dynein6,7  and mitosis."'9 ,5 Despite its presence throughout
and members of the kinesin family, centromere- the cell cycle, CENP-E is not detected at kineto-
associated protein E (CENP-E)s'9 and mitotic chores until early prometaphase and remains
centromere-associated kinesin (MCAK)10  have there until anaphase A, albeit at significantly
been shown to be involved in essential mitotic reduced levels. By anaphase B, CENP-E is also
events, localized to the interzonal microtubules of the

CENP-E was first discovered in human cells by a mitotic spindle. In telophase cells, CENP-E is con-
monoclonal antibody raised against chromosome centrated at the midbody until it is eventually

degraded quantitatively at the end of mitosis

Abbreviations used: CENP-E, centromere-associated through a cytokinesis-independent mechanism. 6

protein E; MT, microtubule; MCAK, mitotic centromere- Disruption of CENP-E functions by antibody
associated kinesin; MAP, mitogen activated protein; EM, microinjection, transfection of dominant negative
electron microscopy. mutants, anti-sense or RNAi and gene knockouts

E-mail address of the corresponding author: has shown that it is essential for some aspects
frank.kozielski@ibs.fr of kinetochore microtubule attachments.8',1 7-20

0022-2836/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
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CENP-E appears to be essential for monopolar end directed movement,1" of slow minus-end
chromosomes to establish bipolar attachments. As directed motor activity27 or simply of microtubule
the unattached kinetochore of a monopolar tethering without movement." These discrepan-
chromosome does not encounter microtubules that cies, along with the considerable importance of
emanate from the opposite pole at high frequen- human CENP-E, have encouraged us to engage
cies, CENP-E is thought to enhance the efficiency structural studies, and we describe here the first
by which kinetochores establish stable microtubule crystal structure of the motor domain of this
attachments. In contrast to monopolar chromo- kinetochore-associated protein.
somes, chromosomes that are situated in the center
of the spindle are able to establish bipolar attach-
ments as the higher frequencies of microtubule Results
encounters are thought to compensate for the loss
of CENP-E. Quantitative electron microscopy A construct with the amino-terminal 342
(EM) studies revealed that bipolar kinetochores residues of CENP-E containing the ATP sensitive
lacking CENP-E are capable of establishing near microtubule binding site along with the -12
normal numbers of microtubule attachments.2" residue linker region was expressed in Escherichia
These bipolar connections are nevertheless coli. N-terminal sequencing of the first seven
defective as they are unable to generate sufficient residues revealed that the first methionine is miss-
pole-ward force to achieve normal levels of tension ing (peptide sequence: AEEGAV) due to bacterial
between the sister kinetochores.18 ,21 processing.29 The measured molecular mass of

Kinesins belonging to the CENP-E subfamily are 39,149 Da using electrospray mass spectrometry is
significantly bigger than all other members of the in excellent agreement with the predicted mass of
superfamily. Human CENP-E is composed of 2663 39,152 Da. Gel filtration data (not shown) suggest
residues and has three distinct domains: an that CENP-E is monomeric.
N-terminal motor domain (residues Met1-Lys327) The crystal form investigated has two CENP-E
that includes MT and ATP binding sites, a long dis- molecules (A and B) per asymmetric unit. We ask
continuous a-helix (residues Asn336-Ala2471) and whether these are indeed two independent mono-
a C-terminal ATP-independent MT-binding mers. The relative orientations of the two motor
domain22 (residues Gln2472-Gln2663). The kineto- domains in the crystal structures of established
chore-binding region is located in the C-terminal kinesin dimers, i.e. Rattus norvegicus conventional
part of the protein' (residues Ile2126-Va12476). kinesina° and D. melanogaster ncd,21 are notably
Human CENP-E contains two regions with different from those in the asymmetric unit of
homology to PEST sequences (residues Arg459- our CENP-E crystals (data not shown). Since our
Lys489 and His2480-Lys2488), which might be construct does not extend into the accepted
responsible for rapid intracellular degradation of dimerization domain, this suggests that in the
CENP-E at the end of mitosis. 5 The carboxy- present case there are two independent monomers
terminal ATP-independent MT binding site whose relative orientations are due to crystal pack-
(residues Glu2565-GIn2663) in human CENP-E is ing and electrostatic interactions. The residues
thought to be regulated in vivo by mitotic phos- involved are listed in Table 1. In monomer A, they
phorylations that inhibit its microtubule binding localize to the end region of 131c, to a14 and to the
activity. The presence of several consensus phos- C-terminal loop between a6 and the linker region.
phorylation sites for a cyclin B cdc2 kinase In monomer B, they are near the N terminus,
complex is consistent with the ability of this kinase mainly in Pla, Plb and P1c (Table 1).
to phosphorylate and inhibit microtubule binding The resolved structure of monomer A includes
in this domain in vitro.22 In addition, the in vivo residues Glu4-Lys216, Gly224-Ala243, Arg251-
association of CENP-E with mitogen activated Ser339, bound MgADP and a molecule of Pipes
protein (MAP) kinase during mitosis suggests (1,4-piperazinediethanesulfonic acid) that was
there may be an additional regulation mechanism present in the crystallization buffer. The final
for the interaction between microtubules and model in monomer B comprises residues Gly5-
chromosomes and thus mitotic progression.2 4  Asnl7, Ala27-Lys216, Ser225-Ala243 and

Previous work has established that the critical Leu252-Ser339 and bound MgADP. When 304 C"
determinant that specifies the directionality of positions in the two monomers were superposed
kinesins along microtubules is a short region, that by a least-squares fit, their final r.m.s. deviation
we refer to as the linker (sometimes called neck), after three cycles was 0.72 A. Only monomer A
linking the kinesin motor domain to the a-helical results are presented here, since its electron density
coiled region (short reviews,"26 ). This linker region map is clearly better than that of monomer B
is found to be distinctly different between plus- (Figure 1). This could possibly be due to the pre-
ended kinesins whose motor domains are located sence of more crystal contacts between A and
near the N-terminal end of the polypeptide chain neighboring molecules than for B (results not
and minus-ended kinesins whose motor domains shown). The final refined model contains 84 water
are located near the C terminus. In the case of molecules.
CENP-E the current situation is somewhat con- Figure 1(A) and (B), shows front and back views
fusing, since there have been reports of slow plus- of the CENP-E motor domain structure. It has a
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Table 1. Interactions between monomers A and B in the asymmetric unit of the CENP-E crystal (distances -<3.5 A)

A

N48 K270 S273 D274 K327 Y328 K330

B ND2 NZ OG 0 OD1 OD2 NZ CG CD1 CD2 CE1 CE2 OH NZ

D42
OD1 2.51
D42
OD2 3.36
D34
OD2 2.74
Y39
OH' 3.17 3.40 2.38
N35
ND2 2.85
G43
O 3.20
Y39
CD2 3.29" 3.27" 3 .4 8 b 3 .4 8 b

K45
O 3.31 3.21
Q40
O 2.92
S44
O 3.37

One of the two conformations of Y39B.
b Hydrophobic interactions between the side-chains of Tyr328 and Tyr39.

mixed eight-stranded p-sheet core with flanking "walls" by a turn between P4 and P5 and the
solvent-exposed ca-helices and a small three- N-terminal part of helix r4. A residue that has a
stranded antiparallel P-sheet in the N-terminal double conformation, Ser261, contacts the Pipes
region. Interestingly, the linker region (Figure 1(B)) molecule.
(residues Tyr328-Ser339), has the same docked
conformation as found in R. norvegicus KHC3e, 3 2

and in one of the Homo sapiens KHC structures.' Discussion
Linker region, residues in P9 and 310, form main-
chain hydrogen bonds with P8 and P7, respect- CENP-E is a very important component of the
ively, in the motor domain core giving short kinetochore during mitosis where it is essential
antiparallel 3-sheets between P8-P39 and 137-PlO. both for the stable bi-oriented attachment of
The following amino acid residues are involved: chromosomes to spindle microtubules and for
Asn336 N and the 0 atom of Gly77, 0 of Asn336 chromosome movements leading to congression.
with Val228 N, Val338 N with V226 0, and V338 Currently, however, the reported interactions with
0 with V226 N. There are also electrostatic inter- microtubules are largely ambiguous and raise the
actions between the side-chains of Asn336 and following question. Can this kinesin support
Asn79. A water molecule, Wat59, plays a structural directed movement along microtubules and is this
role in the stabilization of the "cross-road" between compatible with reported chromosome transport
the residues of the motor domain and the linker by towards the minus ends of depolymerising
forming hydrogen bonds with Asn79 N (located in microtubules?M
the N-terminal part of P3), Asn299 ND2 (located To determine whether there is some unique
in loop. 13 after ca5) and the linker Tyr334 0 and structural explanation that may explain the
Asn336 OD1. different accounts of CENP-E motor activity, we

MgADP and three water molecules are located have solved the crystal structure of the CENP-E
in the nucleotide-binding pocket (Figures 1 and 2). motor domain. The linker region, with the two
The Mg ion interacts with two p-phosphate oxygen short P strands, 09 and P10 (Tyr228-Ser339) is par-
moieties, with three water molecules and with the ticularly interesting. This region has the same
hydroxyl moiety of Thr93 at the end of the P-loop docked conformation fotmd for other N-terminal
motif. The interactions between MgADP and motor domain kinesins, human KHC and Eg535

specific amino acid residues in the pocket are listed and rat KHC. From the structural point of view,
in Table 2. The expected position for y-phosphate is therefore, CENP-E appears to have all the features
empty. Curiously, a molecule of Pipes, from the of a plus-end directed kinesin: the motor domain
buffer, is located in a pocket some 15.3 A away is in the N-terminal region of the polypeptide
(data not shown). The bottom of this pocket is chain and it has a linker region conforming to the
formed by the beginning of helix c5, and the N-type kinesin model. This is consistent with the
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Figure 1. Stereo plot of the CENP-E motor domain structure. 3-Strands are colored in green, a-helices in blue and
loops in yellow. The linker region (containing P9 and 0310) is colored in red. Bound MgADP in the nucleotide-binding
pocket is displayed as a ball and stick model. The numbering of the secondary structure elements is that used by Kull
and co-workers.' (A) Front view. (B) Back view, rotated 1800 with respect to (A).

WatatV4

Figure 2. Structure of the nucleotide-binding site of human CENP-E. The electron density for MgADP is depicted.
P-loop residues are indicated in red. Three conserved water molecules in contact with MgADP are labeled.
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Table 2. Main ADP interactions with the nucleotide binding site of CENP-E (distances <3.5 A)

CENP-E ADP atoms

PB OIB 02B 03B OIA 02A O3A C41 04' C6 N6 NI

A89
N 3.34 2.79 3.38
S90
N 3.47
G91
N 3.32 3.46
K92
N 2.91
K92
NZ 3.00
T93
N 2.97 3.41
T93
OGi 3.16
Y94
N 2.93
R14
NH2 3.41 2.99
P15
CD 3.41,
R12
NH2 3.35
Mg 3.49 2.36 3.40
Wat14 3.06 2.60
Wat53 3.33

Hydrophobic interactions.

plus-end activity exhibited by Xenopus CENP-E. The sequence identity between the motor
Nevertheless, the directionality of human CENP-E domains of CENP-E and KHC is 38.0% and the
remains to be verified by in vitro motility assays r.m.s. deviation between their crystal structures is
using expressed dimer constructs. 1.1 A after least-squares alignment of 284 C"

Another interesting feature is that linker docking atoms. The identity between CENP`-E-Eg5 is
has been reported to be due to the presence of 36.1% and the r.m.s. deviation is 1.5 A for least-
sulfate ions, mimicking inorganic phosphate, in squares alignment of 256 C' atoms. Compared to
specific cavities close to the nucleotide binding KHC, CENP-E has the following subfamily specific
site.3 3 In the present case no sulfate was present in insertions and deletions: a two residue insert in
the crystallization buffer and no density is visible loop 2, a three residue deletion in loop 5, a five
in the same cavities. Consequently, the hypo- residue insert in loop 10, a two residue insert in
thetical role of the "phosphate cavities" for linker loop 12, and a two residue deletion at the begin-
docking appears to be in question. ning of a6 (Figure 5). Particularly striking is the

A large number of kinesins are now known and loop 2 between 131b and P1c, slightly longer than
this superfamily has ten or more phylogenetic sub- in KHC. This loop is oriented perpendicular to the
groups as established by detailed comparisons of equivalent loop in Eg5 that has a long insertion.
their motor domain amino acid sequences.'4 Each Helix a2 is interrupted by loop 5 in all kinesin
subgroup appears to be associated with a specific motor domain structures so far resolved. This loop
function at different stages of the cell cycle. Apart is only seven residues long in CENP-E, which is
from the criterion of overall sequence similarity, shorter than for any other N-terminal motor
each subfamily is also clearly characterized by domain kinesin. Interestingly, in Eg5 this loop has
specifically located sequence insertions and a seven residue insert compared to KHC and this
deletions.36 Thus, it appears that subfamily specific insert is characteristic of the subfamily (this sub-
functionality may be related to subtle structural family is also known as BimC or N2). It is not
differences introduced by these insertions and known whether this region has any specific func-
deletions. The two other motor domain structures tion as it is on the opposite face to the commonly
of kinesin superfamily members in H. sapiens that accepted microtubule interaction region. One dis-
have been determined are conventional kinesin,33  ordered region in CENP-E is the "tip" of the
involved in intracellular transport, and Eg535  arrow-shaped structure, the loop 10 between P36
responsible for stabilization of the bipolar spindle and P7. This region, from Lys216 to Ser225, is not
in mitosis.' Since human CENP-E, Eg5 and KHC visible in our electron density map. In CENP-E
belong to distinct phylogenetic subgroups, we this loop has five additional residues compared to
have compared their structures so as to visualize KHC and it is probably highly flexible, since it is
subfamily specific structural features (Figures 3 visible in both the KHC and Eg5 structures. Finally,
and 4). at the C-terminal end of the motor domain core
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Figure 3. Comparison of the motor domain crystal structures of three human kinesins, Eg5, CENP-E and KHC.

structure, the helix cs6 is two residues shorter in nucleotide, is structurally conserved in CENP-E,
human CENP-E, and in other members of the sub- Eg5 and KHC (Figure 4). Concerning the nucleo-
family, than in any other kinesin. tide state sensing areas, the switch 1 (N-2, residues

The active site structures of human KHC, Eg5 Asn197-His204), binding motif for the y-phos-
and CENP-E are highly conserved. The three phate, appears to be in slightly different positions
water molecules in the CENP-E nucleotide-binding in Eg5 and KHTC (Figure 4), mainly Asn197 and
pocket that coordinate with ADP and the Mg ion Gln198, compared to CENP-E where the region
are also found in the Eg5 and KHC structures immediately before these residues (loop 9) is
(Figure 3). Nevertheless, conserved Arg14 and disordered. Nevertheless, switch 1 is similar in the
Pro15 of the N-4 motif (residues Arg12-Prol5), three structures. Switch 2 (N-3 motif) is also
described to be involved in the binding of the involved in binding the y-phosphate group. It is
purine moiety, are in different positions in CENP- located immediately after [37 (residues Asp235-
E, since loop 1 immediately after [31 (from Leu16) Glu240) and differences in this region in CENP-E
shows high flexibility and is positioned differently occur at the beginning of loop 11. Helix ea4 in the
compared to KHC and Eg5 which both contain switch 2 cluster is in an up conformation that is
two turn o-helices in this region (Figure 4). Particu- correlated with the docking of the CENP-E linker
larly, the Argl4 side-chain interacts with the as in human and rat KHC.ua'l°
oxygen atom in the ribose ring (Figure 4). As previously described for the human mitotic

The phosphate-binding loop (P-loop, or motif kinesin E~g5, 38 -4 ° the discovery of specific inhibitors
N-l) (residuies Gly86-Thr93), involved in the inter- of the kinetochore-associated CFNP-E has con-
action with c• and [3-phosphate groups of the siderable interest for future anti-mitotic therapies.

The advantages of human CENP-E as a potential
drug target have been recently reviewed. 41' 42 These

•,•[ :•it=( .... include its apparently complete degradation at theS~end of the mitotic event,9 and the absence of any
N- ,,e additional role of CENP-E in interphase. The

,liOP 1 crystal structure of human CENP-E will therefore
N4,utlSwirchil ''# provide a starting point for high-throughput

virtual screening of potential inhibitors and as the
,=,,J: • basis for the structure determination of future

SSwited CENP-E inhibitor complexes.

SMaterials and Methods

• • Construction of plasmids for protein expression

The DNA construct coding for the human CENP-E
Figure 4. Superposition of the P-oop area of human motor domain was synthesized by PCR, using the

KHC (yellow), Eg5 (green) and CENP-E (grey). The following forward and reverse primers: CENP-EI, 5'-
MgADP is taken from the CENP-E structure. CCA GTi CAG CCT CAT ACC ATG GCC GAG GAA
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Figure 5. Structural and sequence alignment of the three known human kinesin structures, CENP-E, Eg5 and con-
ventional kinesin. Identical residues are in white on a red background, similar residues are red. The position of the
regions forming the nucleotide-binding pocket (N-I to N-4) and the position of the neck region are underlined in black.

GGA GCCC and CENP-E 2, 5'-ATA CCT TTT CAG GAG expression clone codes for the CENP-E motor domain
CTC GAG ATC AGT TGA TAC CTC. The PCR product and linker region (residues Meti -Glu342) and eight
as well as expression vector pET28a were double- additional residues (LEHHHHI-lli) at the C terminus of
digested with NcoI and Xhol and ligated. Positive the protein.
expression clones were identified by digesting the puri-
fied plasm-ids with the restriction enzymes mentioned
above to test for the presence of an insert of the expected Expression and purification of CENP-E
size. The sequence was verified by DNA sequencing.
Proline 300 was found to be substituted by alanine. The Recombinant CENP-E was expressed and purified as
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described for monomeric human Eg5.43 CENP-E is Table 3. X-ray data collection and structure refinement of
unstable and consequently the protein was freshly the CENP-E motor domain
prepared for crystallization assays. A. Data collection statistics

Unit cell dimensions a = 49.35 A
Protein crystallization b = 83.35b = 83.70A

c = 94.16 A
CENP-E in 20 mM Pipes (pH7.3), 200 mM NaC1 and Ii = 103.050

1 mM EGTA was supplemented with 2 mM ATP and Space group P2,
10 mM MgCl1 and concentrated (AMICON ULTRA-15; Molec./asymmetric unit 2
30 kDa) to 11 mg/ml. Insoluble material was removed Max. resolution (A) 2.5

No of unique reflections 25,698
by centrifugation at 30,000g for 15 minutes. Sitting Overall completeness (%) 98
drops (1 lil protein/1 p[I reservoir) at 19 'C were set up Last shell completeness (%)86
with freshly purified protein using a TECAN crystalliza- Multiplicity 4.7
tion robot and 15 commercial kits (Hampton Research). R,,,0  0.064 (0.158)t
The detailed automated crystallization procedure is B. Refinement statistics
described elsewhere.' Crystals appeared after two days No of reflections 24,191
in different crystallization conditions. Long rods were Rokigd (%) 22.82
obtained after manually improving the initial conditions Rf,_, (%) 27.87

using 1 til of CENP-E at 11 mg/ml and 1 .d of reservoir r.m.s, deviation from ideal Bonds (A) 0.012

solution containing 23% (w/v) polyeyhylene glycol Angles (0) 2.08

(PEG) 3350, 0.2 M NaNO3, 0.1 M Pipes (pH 7.0), in hang- 0 Data collection obtained on the ID14-2 X-ray beamline at the
ing drops at 19 'C. Crystals belonged to space group P21 European Synchrotron Radiation Facility (ESRF) in Grenoble
with unit cell parameters a = 49.35 A, b = 83.70 A, (France).
c = 94.16 A and monoclinic angle P3 = 103.050. The sol- b Last resolution shell: 2.64-2.50 A.
vent content was calculated to be 42% assuming two 'Ry, = Y Ili - (I)I/X(l), where Ij is the intensity for reflection
molecules per asymmetric unit. j, and (I) is the mean intensity.

moeul.d Rorkng = Fo- IFJI/YIFI, calculated with the working
set.

Data collection ' free was similarly calculated with 4.5% of the data
excluded from the calculation of Rworking.

Four different native data sets were collected using an
ADSC Quantum-4 CCD detector on bean-dine ID14-2 at
the European Synchrotron Radiation Facility (ESRF). monomer B was in double conformation. A total of
Data were processed with the DENZO/SCALEPACK 78.4m " of all residues are in most favored, and 16.8% in
program suite4" as well as SCALA from the CCP4
package. 6 The observed diffraction patterns were highly additionally allowed regions; 0.7% are in disallowed
anisotropic with a resolution better than 2.1 A in one regions. Final refinement statistics are given in Table 3.
direction but worse in the other. The best dataset yielded
data to 2.5 A resolution with a completeness of 98%. Preparation of Figures
More details of data collection and processing are given
in Table 3. Figures 1 and 3 were prepared using MOLSCRlPT1

Figures 2 and 4 were done with BOBSCRIPT.52 Structural

Structure determination and refinement sequence alignment in Figure 5 was performed using the
program ESPript5" and adjusted by hand.

The CENP-E motor domain structure was solved by Data Bank accession numbers
molecular replacement using AMoRe.47 The structure of
conventional human kinesin, Protein Data Bank code
1MKJ"3 without ions, ADP or water molecules was used Crystallographic coordinates for the H. sapiens
as a starting model. The correct solution, after perform- CENP-E motor domain structure have been deposited
ing a two molecule/asymmetric unit search, yielded a with the RCSB Protein Data Bank under code 1T5C.
correlation coefficient of 39.8% and an R-factor of 47.8%.
After an initial round of rigid-body refinement, the
model was rebuilt manually using TURBO-FRODO.4"
MgADP was included at the initial stages. The model
was further refined by cycles of simulated annealing, Acknowledgements
energy minimization and B-factor refinement using
CNS

49 and subsequent manual model building. In early We thank Jean-Pierre Andrieu for N-terminal
stages of refinement, non-crystallographic symmetry sequencing of human CENP-E and also David
restraints with decreasing restraint weights were used, Lascoux and Sebastien Brier for MALDI mass
but in the later stages both monomers were considered spectrometry analysis (IBS, Grenoble). We also
to be independent. Water molecules were added pro- acknowledge the help of Ed Mitchel (ESRF
gressively during refinement. The quality of the model Grenoble) during data collection. This work has
was assessed with PROCHECK." Residues for which no been funded by grants from the ARC (Association
electron density was visible were omitted from the
model. In monomer A, residues Lys32, Phe125 and pour la Recherche sur le Cancer, contract number
Ser261 were in double conformation. The occupancy of 5197), the CNRS (Centre National de la Recherche
the side-chains of the following residues in monomer B Scientifique), the European Union Quality of life
were set to 0.00: Gln115, Lys148, Lys187, Tyr191, Gly192, Integrated Project SPINE (Structural Proteomics in
Glu193, Thr194, Lys195 and Arg202. Residue Tyr39 in Europe), contract number QLG2-CT-2002-00988 (to
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MITOTIC CHECKPOINT, ANEUPLOIDY AND
CANCER
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1. INTRODUCTION

The mitotic checkpoint is a failsafe mechanism that prevents cells with
unaligned chromosomes from prematurely exiting mitosis. As chromosome
instability (CIN) and aneuploidy are features common amongst many
cancers, the mitotic checkpoint may play a pivotal role in promoting
tumorigenesis. The discovery of an evolutionarily conserved set of mitotic
checkpoint genes has stimulated efforts to examine their importance in the
origin of cancer and their use in potential new therapies for cancer.

The transformation of a normal cell into a malignant tumour is a multi-
step process that cannot be accounted for by spontaneous mutations that
arise from the inherent error rates that are associated with DNA replication
and repair. Indeed, it has been estimated that the natural mutation rate is so
low that it cannot generate enough mutations for cancer to develop within a
human lifespan (Loeb, 1991; Orr-Weaver and Weinberg, 1998) That a
majority of human cancers exhibit gross chromosome abnormalities and
gene mutations strongly suggests that carcinogenesis is driven by
mechanisms that actively destabilise the genome. Microsatellite instability
(MIN) is one such mechanism whereby increased mutation rate at the
nucleotide level is attributed to defects in DNA mismatch repair genes
(Lengauer et al., 1998). Chromosome instability (CIN) is a second
mechanism that promotes genome instability through the loss or gain of
chromosomes. Indeed, many types of tumours are aneuploid and in vitro
studies of colorectal cancer cell lines have shown a defect in maintaining a
stable karyotype (Cahill et al., 1998; Pihan and Doxsey, 1999; Takahashi et
al., 1999). Only recently have there been mechanistic advances in
understanding the molecular basis for CIN. These insights came to light
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largely from a convergence of genetic and biochemical studies of the mitotic
checkpoint, a failsafe mechanism that prevents aneuploidy by ensuring that
cells with even a single unaligned chromosome cannot exit mitosis. This
chapter will review our current knowledge of the mitotic checkpoint and
examine its relationship with tumorigenesis.

2. CHROMOSOME SEGREGATION

2.1 Kinetochore Functions

The kinetochore is a macromolecular complex that is localised at the
centromeres of chromosomes where it plays an essential role in mediating
attachment of the chromosome to the spindle. Kinetochores interact with
microtubules differently than other organelles (i.e. vesicles) in that they bind
to the highly dynamic plus ends of microtubules, rather than along the side
or the lattice of the microtubule (Rieder and Salmon, 1994). Thus, unlike
organelles that rely on motors to translocate them along a static microtubule
surface, the motility of chromosomes is specified by the kinetochore's
ability to remain attached to the end of a microtubule that is rapidly
switching between elongating and shortening states. How this is achieved is
not clear but is likely to be specified by the combined and coordinated
activities of a plethora of microtubule binding proteins and molecular motors
that localise to kinetochores (Biggins and Walczak, 2003). Despite the large
numbers of microtubule binding proteins at kinetochores, microtubule
connections are established by chance encounters that depend on the
location of the chromosome relative to the spindle. Chromosomes situated
near the centre of the spindle rapidly establish bipolar connections as both
kinetochores encounter microtubules at a high frequency. Chromosomes
situated near a pole will rapidly establish a monopolar attachment but
attachment to the opposite pole requires significantly more time as the
frequency at which they encounter microtubules from the opposite pole is
low.

As with many situations that rely on chance, there is the potential for
mistakes. Kinetochores are not an exception as they can establish non-
productive interactions as in cases when both kinetochores are connected to
the same pole or one kinetochore is connected to microtubules from both
poles and combinations of the two. These aberrant connections, if
unresolved, can lead to chromosome fragmentation or nondisjunction
(Cimini et al., 2001).
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2.2 The Mitotic Checkpoint

The stochastic and error-prone nature by which chromosomes establish
connections to the spindle explains why chromosomes cannot achieve
metaphase alignment synchronously (Nicklas, 1997; Nicklas and Ward,
1994). The cell is therefore confronted with the problem of knowing when
all of its chromosomes are aligned before it decides to proceed into
anaphase. This problem is solved by the mitotic checkpoint which is a
failsafe mechanism that monitors kinetochore microtubule attachments so
that a single defective kinetochore will delay the onset of anaphase. In order
to satisfy this checkpoint, kinetochores must be fully saturated with
microtubules (-25 microtubules per kinetochore for mammals) and
sufficient tension develops between sister kinetochores as a result of
opposing poleward forces that attempt to pull apart the sister chromatids. If
either of these parameters is not fulfilled, the checkpoint must then execute a
program that inhibits mitotic exit. This program can be envisioned as a
signalling cascade whereby a localised defect at a single kinetochore alters
the global biochemical status of the cell. The nature by which the
kinetochore generates the "wait anaphase" inhibitory signal is not entirely
clear. However, the target of the "wait anaphase" signal is the Anaphase
Promoting Complex/Cyclosome (APC/C) (Skibbens and Hieter, 1998); an
E3 ubiquitin ligase that promotes the degradation of key proteins to
irreversibly drive cells from metaphase to anaphase (King et al., 1995;
Sudakin et al., 1995). Thus, the mitotic checkpoint is a highly complex
program that consists of multiple modules, defects in any of its components
will result in chromosome instability that promotes tumorigenesis.

2.2.1 Mitotic Checkpoint Proteins Monitor Kinetochore
Attachments

The molecular components of the mitotic checkpoint are specified by a
collection of evolutionarily conserved genes that include Madl, Mad2,
Mad3 (BubRI), Bubl, Bub3 and Mpsl (Musacchio and Hardwick, 2002).
With the exception of Mpsl, Bubl and BubRI, which are protein kinases,
the biochemical functions of the remaining proteins are not well understood.
Cytological studies have shown that all of these proteins bind to
kinetochores and are thus likely to be involved in monitoring attachments or
generating the "wait anaphase" signal. In the case of Madl and Mad2, their
preferential localisation at unattached kinetochores (Chen et al., 1996; Li
and Benezra, 1996; Waters et al., 1998) suggests that they may be part of a
counting mechanism that monitors microtubule occupancy and contributes
to the generation of the "wait anaphase" signal. As kinetochores become
saturated with microtubules, these proteins are released and the checkpoint
signalling is silenced.

The existence of a tension-sensitive checkpoint was first demonstrated in
insect spermatocytes where application of an external force to the
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unattached kinetochore of a monopolar chromosome would relieve the
checkpoint induced delay in meiosis (Li and Nicklas, 1995). The
spermatocytes proceeded into anaphase because the external force exerted
tension that would normally be applied by microtubule attachments.
Although this result was inconsistent with the idea that checkpoint is
silenced only when both kinetochores are saturated with microtubules and
develop tension, this discrepancy may be attributed to the difference
between mitotic versus meiotic systems. Evidence supporting a tension-
sensitive checkpoint in somatic cells has come from experiments that
examined the mechanism by which the anti-cancer drug, Taxol arrests
mammalian cells in mitosis (Waters et al., 1998). Cells treated with Taxol
are able to establish a full complement of kinetochore microtubule
attachments. However, tension did not develop because the drug suppressed
microtubule dynamics that normally contributed to the generation of
poleward force. As the vast majority of the bipolar attached kinetochores
lacked detectable Mad2, it suggested that Mad2 does not respond to loss of
tension and that other components were maintaining the checkpoint arrest.
Bubl and BubRI (Bubl-related) kinases are candidates as they are present
at kinetochores with reduced tension (Skoufias et al., 2001). However, it is
important to point out that unlike Mad2, neither of these proteins completely
dissociate from kinetochores of aligned chromosomes (Hoffman et al.,
2001). Thus, their presence alone cannot be used as an indicator of whether
the checkpoint is active.

2.2.2 Tension Sensing helps Resolve Aberrant Kinetochore
Attachments

The importance of a tension-sensitive checkpoint is not to merely allow
cells to arrest in response to microtubule poisons such as taxol. The need
arises because kinetochores can form aberrant attachments where both sister
kinetochores are attached to the same pole (syntelic) or the same kinetochore
is attached to both poles (merotelic). In both instances, kinetochores are
fully saturated with microtubules but lack tension (Cimini et al., 2001).
Clearly, if microtubule occupancy was the only criterion that is used by the
checkpoint, these aberrant connections would go unchecked and thus lead to
non-disjunction or broken chromosomes. Recent studies in both yeast and
human cells indicate that the aurora B/Ipll kinase is responsible for
monitoring tension in order to resolve merotelic and syntelic attachments
(Ditchfield et al., 2003; Hauf et al., 2003; Tanaka et al., 2002). How aurora
B responds to lack of tension is unclear but it is thought to stimulate the
release of microtubules by regulating the microtubule depolymerase activity
of the kinesin-like MCAK protein (Andrews et al., 2004; Lan et al., 2004).
Despite these intriguing findings, there is uncertainty as to whether aurora B
indeed defines the tension-sensitive arm of the mitotic checkpoint as it may
be part of an elaborate self-correcting mechanism (Andrews et al., 2003).
That aurora B is essential for taxol-induced mitotic arrest may result from an
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indirect action on the checkpoint (Ditchfield et al., 2003; Hauf et al., 2003).
The mitotic checkpoint may be responding not directly to loss of tension but
rather to the presence of detached kinetochores that are induced by aurora B.
This possibility is consistent with the observation that there are always a few
kinetochores that retain Mad2 in Taxol arrested cells (Waters et al., 1998).

2.2.3 The Anaphase Promoting Complex is the Target of the Mitotic
Checkpoint

There are two models proposed to explain how defective kinetochores
can inhibit APC/C activity (Chan and Yen, 2003). In the "Sequestration
Model" a dynamic pool of Mad2 cycles through unattached kinetochores
where it is proposed to undergo a conformational change that increases its
affinity for Cdc20, a WD repeat protein, that normally recruits substrates to
the APC/C. In vitro, Mad2 can bind Cdc20 and prevent it from activating
the APC/C (Fang et al., 1998). Structural studies showed that Mad2
undergoes a major conformational change when bound to Cdc20 or to its
other partner, Madl (Luo et al., 2000; Luo et al., 2004). In vivo, Mad2 has
been shown to cycle rapidly through kinetochores at approximately 2000
molecules per minute (Howell et al., 2000). How Mad2 exchanges its
partner between Mad I at the kinetochores and Cdc20 in the cytosol remains
a challenging problem. Clarification of this issue may address the more
important question as to what the fate of Mad2 is after release its release
from kinetochores.

The alternative model posits that there are two distinct steps to the
inhibition of the APC/C. This model came about through the biochemical
purification of a factor from Hela cells that inhibited mitotic APC/C
(Sudakin et al., 2001). The Mitotic Checkpoint Complex (MCC) consisting
of BubR1, Bub3, Cdc20 and Mad2 forms independently of kinetochores and
is thus not the "wait anaphase" signal. MCC exists in near stochiometry
with APC/C in Hela cells and is the only known inhibitor of APC/C that is
purified from mitotic cells. It is proposed that a preformed pool of MCC in
interphase provides cells with a rapid way to inhibit the APC/C when it is
activated upon entry into mitosis. The affinity of these two complexes for
each other cannot be very high as inhibition of the APC/C must be readily
reversible to allow cells to exit mitosis. The duration of the MCC/APC/C
interaction may be extended if there are unattached kinetochores. In this
case, the "wait anaphase" signal is postulated to directly act on the APC/C to
sensitise it to prolonged inhibition by the MCC.

The ability to directly test the two-step model in vivo is challenging as
the same proteins (BubR1, Bub3, Cdc20, Mad2) are involved in both steps.
However, two recent reports provided in vivo evidence that Mad2 may have
kinetochore dependent and independent roles in the mitotic checkpoint.
Hela cells depleted of the kinetochores proteins HECl/Ndc8O (Martin-
Lluesma et al., 2002) or CENP-I, accumulate unaligned chromosomes and
delay in mitosis (Liu et al., 2003) et al.,). Surprisingly, this delay occurred
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despite the loss of Mps 1, Madl and Mad2 from kinetochores. This finding
was inconsistent with studies where direct inhibition of Mad2 not only
abrogated the mitotic checkpoint but accelerated cells out of mitosis before
chromosomes could align properly (Gorbsky et al., 1998; Meraldi et al.,
2004; Shannon et al., 2002). This discrepancy could be resolved if one
argued that cells lacking Mad2 at kinetochores were able to delay in mitosis
through the kinetochore-independent mechanism. Indeed, both studies
demonstrated that the delay was still dependent on Mad2 even though it had
been depleted from kinetochores. It is therefore likely, that this Mad2-
dependent delay reflected the action of the MCC. The caveat of both studies
is the degree to which Mad2 was depleted from kinetochores. In CENP-I
depleted cells, there was a twenty-fold reduction while a subsequent study of
HEC I depleted cells showed about five-fold reduction (DeLuca et al., 2003).
As there can be a hundred-fold difference in the level of Mad2 between
unattached and fully attached kinetochores (Hoffman et al., 2001), it is
possible that the reduction achieved by HECI and CENP-I depletion was
insufficient to completely silence the production of the "wait anaphase"
signal. However, the reduction of Mad2 at kinetochores likely reduced the
output of the "wait anaphase" signal as a prolonged mitotic arrest could not
be attained when there were only a few unattached kinetochores (Liu et al.,
2003). Only when the number of unattached kinetochores was increased
was a prolonged delay achieved. As other checkpoint proteins such as
BubR1 and Bubl kinases remained at kinetochores in these cells, it is likely
that they were producing the "wait anaphase" signal when Mad2 levels were
reduced. However, a threshold level of "wait anaphase" signal was not
achieved to sustain a prolonged inhibition of the APC/C.

2.2.4 Spatial and Temporal Regulation of APC/C

The mitotic checkpoint models presented here do not explain two
important observations. The degradation of cyclin A, like cyclin B, depends
on Cdc20 and APC/C (Geley et al., 2001). Yet, cyclin A is degraded early
in prometaphase and is not inhibited when cells are delayed in mitosis (den
Elzen and Pines, 2001). The simplest explanation is that the mitotic
checkpoint consists of additional layers that may directly act on APC/C
substrates. Our current understanding of the mitotic checkpoint also cannot
account for how spatial control of APC/C is achieved. Using GFP-cyclin B
as a real-time reporter for APC/C activity (Clute and Pines, 1999), it was
clear that APC/C does not appear to be activated throughout the cell upon
achieving metaphase. Interestingly, GFP-cyclin B that was localised over
the spindle was preferentially lost from the pole towards the chromosomes.
While this observation supports the idea that checkpoint inhibition of the
APC/C may be spatially confined to the spindle, an alternative explanation is
that the sensitivity of APC/C substrates may be spatially regulated. This
possibility may also account for why cyclin A is insensitive to checkpoint
inhibition.
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2.2.5 Factors that Influence the Mitotic Checkpoint

Genetic studies in mice illustrate an important concept about the mitotic
checkpoint. Mice that are haplodeficient for a variety of mitotic checkpoint
genes (see below) are viable and grow to adulthood with minimal problems.
However, mouse embryo fibroblasts (MEF's) derived from these animals
exhibit increased rates of chromosome loss that would seem to be
incompatible with normal development. This paradox could be resolved if
one considers that the mitotic checkpoint is not an essential process. Cells
only need the checkpoint when their chromosomes encounter problems with
attaching to the spindle. One could imagine that if the spindle in mouse
embryos was highly efficient at capturing chromosomes, they may well
tolerate a reduction (not elimination) in their capacity to delay mitosis in
face of attachments defects. Indeed, the early embryonic cell cycle of
Drosophila and Xenopus are not subject to mitotic checkpoint control. The
situation may be different in mice as homozygous checkpoint mutants are
lethal. The variable nature by which different cell types rely on the mitotic
checkpoint is ultimately due to the complex interplay amongst components
of the spindle, checkpoint proteins, the APC/C and its substrates. The
biochemical activities of each of these processes must balance each other to
achieve coordination between chromosome alignment and mitotic exit. For
example, a moderate overexpression of Cdc20 in budding yeast can drive
cells prematurely out of mitosis (Pan and Chen, 2004). The focus on
profiling just the mitotic checkpoint proteins in cancer cells may be
inadequate to address the origin of their aneuploidy.

If we were to consider the kinetochore, underexpression of a component
that is important for microtubule capture would impose demands on the
mitotic checkpoint that must be capable of inhibiting all APC/C in the cell.
CENP-E is a kinetochore associated kinesin-like protein (McEwen et al.,
2001; Schaar et al., 1997; Yao et al., 2000) and its loss causes cells to
accumulate monopolar chromosomes and thus delay mitotic exit. Although
CENP-E is an essential gene in mice, haplodeficient mice are viable (Putkey
et al., 2002; Weaver et al., 2003). However, MEF's derived from these
mutant mice showed that they cannot sustain a prolonged mitotic arrest but
exited mitosis after a transient delay (Weaver et al., 2003). While one
interpretation is that CENP-E is a component of the checkpoint, the
explanation lies in its interactions with other kinetochores proteins.
Comparison between haplodeficient versus wild type MEF's showed that the
levels of BubRI, Madl and Mad2 at kinetochores of CENP-E depleted
MEF's were reduced by up to 50%. This outcome is similar to that reported
when Hela cells were depleted of the kinetochore proteins Hecl and CENP-
I. Their loss led to reduction in the amounts of Mpsl, Madl and Mad2 at
kinetochores. Consequently, these kinetochores cannot generate sufficient
amounts of the "wait anaphase" signal to sustain prolonged inhibition of the
APC/C. The theme that emerges from the three studies is that unattached
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kinetochores can vary their production of "wait anaphase" signal depending
on the amount or activities of the checkpoint proteins present there.

Adenomatous polyposis coli (APC) is a tumour suppressor gene that is
frequently mutated in colorectal carcinomas. While APC is well recognised
for its role in the Wnt signalling pathway, recent studies have shown that it
is important for kinetochore microtubule attachments (Fodde et al., 2001;
Kaplan et al., 2001). APC was found at the tips of microtubules that are
attached to kinetochores. Furthermore, it was found to form a complex with
checkpoint proteins Bubl and Bub3 (Kaplan et al., 2001). Significantly,
expression of mutant APC diminished the mitotic checkpoint response of
once checkpoint proficient cells (Tighe et al., 2001). Thus, the combination
of defective kinetochore attachments and a reduced mitotic checkpoint in
cells expressing mutant APC is likely to result in aneuploidy in colorectal
cancers.

These situations underscore two important points. First, disruption of the
mitotic checkpoint does not occur exclusively by mutating the bona fide
checkpoint genes. Mutations that alter any component that feeds into the
pathway can influence the mitotic checkpoint. Second, the mitotic
checkpoint is not simply an on/off switch as its capacity to delay mitosis
varies as a function of complex interactions with the kinetochore and the
APC/C. That cells can exhibit variable lengths of delay suggests that the
ratio between the "wait anaphase" signal and its target, the APC/C, is an
important parameter in dictating how long a cell can delay mitosis in
response to unaligned chromosomes.

3. MITOTIC CHECKPOINT, ANEUPLOIDY AND
CANCER

3.1 Genetic Evidence in Human Cancers

The identification of mitotic checkpoint genes has contributed
significantly towards a molecular understanding of aneuploidy, and
mechanisms that might be associated with increased carcinogenesis. Interest
in such mechanisms is underscored by the recent identification of mutations
in BublB, the gene encoding the BubRI protein, in families with mosaic
variegated aneuploidy (MVA) (Hanks et al, 2004). MVA is a rare
autosomal recessive disorder marked by a high predisposition to mitotic
non-disjunction, the probable cause of the high levels of aneuploidy of
multiple different chromosomes and tissues in each affected individual. The
phenotype of this condition has been quite consistent in cases reported to
date, and which has included severe microcephaly, growth deficiency, mild
physical anomalies, eye anomalies and mental retardation. The risk of
malignancy seems to be elevated, and have included rhabdomyosarcoma,
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Wilms tumour, and leukemia Hanks et al. assessed eight pedigrees with
MVA, and identified biallelic mutations in BublB in five families. In all
cases, mutations in one allele results in the inactivation of the gene while
missense mutations were found in the second allele. Four of the five
missense mutations occurred in the catalytic domain and thus suggest a
dysfunctional BubRi kinase. The fifth missense mutation was found in a
region of the protein with no ascribed function. Nevertheless, this missense
mutation along with one found in the kinase domain were associated with
two cases of embryonal rhabdomyosarcoma. Why only two cases of cancer
were identified amongst the five MVA families is unclear but suggests
additional factors are likely to be involved in the cancer development.

The MVA study was predated by one of the first studies to draw attention
to a potential role for perturbed mitotic checkpoint function in the etiology
of human cancer (Cahill et al., 1998). Heterozygous mutations in Bubl and
BubR1 kinases were found in a few of the nineteen aneuploid colorectal
cancer cell lines that were examined. Although the BubRi mutations were
not pursued, the effects of the Bubl mutants were examined in more detail.
In V400 cells, a mutation at an intronic splice donor site created a frameshift
mutation that led to a premature termination codon. In V429 cells, a
missense mutation that converted a serine to a tyrosine was identified.
When the Bubl mutants were transfected into a checkpoint proficient
colorectal cancer cells (HCT116), the transfectants were no longer able to
block mitosis when challenged with spindle poisons. It was therefore
concluded that these were dominant mutants that were responsible for the
defective checkpoint response of the V400 and V429 cells. The caveat is
that this result was obtained by overexpressing the mutant proteins to non-
physiological levels. It is therefore unclear if the amount of mutant proteins
expressed in the V400 and V429 cells can effectively compete against the
wild type protein.

Since that report, there have surprisingly few reports of mutated mitotic
checkpoint genes in human cancers cell lines, or cancers freshly biopsied or
resected from patients in the clinic. For example, no mutations in either
Bub3, BubR1 or Bubl were found in a large number of glioblastomas and
lung cancers derived from patients or cell lines (Reis et al., 2001; Sato et al.,
2000). One sample from a series of surgically resected colorectal,
hepatocellular, and renal tumours was found to contain a missense mutation
in Bubl (Shichiri et al., 2002). Whether this mutation disrupted checkpoint
function of the protein is unknown. However, quantitation of transcript
levels by real-time polymerase chain reaction identified a subset of tumours
with depressed levels of mRNA that was postulated to be due to epigenetic
silencing of the genes. This subset of tumours was associated with a
significantly higher recurrence rate, suggesting that low levels of expression
of BubRI or Bubl might confer a growth advantage to the tumours of the
subset. Examples of heterozygous mutations in the Bubl gene have been
reported in T lymphoblastic leukemia cell lines and in patients with acute
lymphoblastic leukemia (ALL) and Hodgkin's lymphoma (Ru et al., 2002).
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Of five patient samples examined, three were found to harbour deletion
mutations in Bubl. A similar study of adult T-cell leukemia (ATLL) that
exhibited aneuploidy showed that in 4 out of 10 cases, mutations in either
Bubl and BubRI were found (Ohshima et al., 2000). All except one
mutation, which resulted in a truncated BubRi, were mutations that resulted
in an amino acid substitution. It remains to be seen if the biochemical
functions of these mutant proteins were affected.

The search for Madl and Mad2 mutations also showed that they did not
occur at high frequency. A screen for Madl mutations involving a large
panel of 44 cancer cell lines and 133 primary tumours consisting of
lymphomas, bladder, breast and gliomas identified only eight mutations that
potentially disrupted Madl function (Tsukasaki et al., 2001). Two of the
eight mutations resulted in premature termination while the other six
mutations led to amino acid substitutions. A study of Mad2 in a group of 96
human primary tumours comprised of 44 transitional-cell carcinomas of the
bladder, 42 adult soft-tissue sarcomas and 10 hepatocellular carcinomas
identified one missense mutation in a bladder tumour where an isoleucine
was mutated to a valine (Hernando et al., 2001). This alteration did not
appear to alter protein function as transfection of the mutant Mad2 cDNA
into cells did not result in a phenotype different from wild type cDNA.
Similar screens have shown that Mad2 mutations are rare in cancer cells
obtained from breast, lung (Gemma et al., 2001; Percy et al., 2000;
Takahashi et al., 1999), and digestive tract (Imai et al., 1999). However,
reduced expression of Mad2 protein and mRNA has been reported in breast
(Li and Benezra, 1996; Percy et al., 2000), nasopharyngeal and ovarian
cancer cell lines (Wang et al., 2002; Wang et al., 2000) that exhibited a
defect in their mitotic checkpoint response to spindle poisons. The
molecular explanation for why some cancer cells do not express sufficient
levels of Mad2 remains unknown but illustrates the earlier point that
inactivation of the mitotic checkpoint can be achieved in many different
ways.

3.1.1 Mutations in Mitotic Checkpoint Genes are Rare

It may be premature to conclude from these studies whether disruption of
the mitotic checkpoint genes promotes tumorigenesis. As many of the
studies did not exhaustively screen all of the known checkpoint genes, it is
possible that mutations may still be found. However, one study that
examined all of the known checkpoint genes in nineteen aneuploid cell lines
did not uncover any mutations (Cahill et al., 1999). In these cases, the
mitotic checkpoint defects may be due to mutations that affect other
components (spindle, kinetochore, APC/C and its substrates) that influence
the mitotic checkpoint. Of the mutations that have been identified in the
mitotic checkpoint genes, the majority are missense mutations whose effects
on the stability or biochemical activity of the protein is not known. Western
blots to determine the expression levels of various checkpoint proteins
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would be very informative. Equally informative are immunocytological
assays that monitor the localisation at kinetochores of key mitotic
checkpoint proteins. In the case of Bubl, we now know that it is important
for assembling other proteins to the kinetochore (Johnson et al., 2004).
Those proteins may be informative biomarkers that indirectly monitor Bubl
activity. Similarly, the localisation of Mad2 at kinetochores may be an
informative biomarker for mitotic checkpoint status. These
immunocytological assays are not only a simple way to functionally assess
mutant checkpoint genes, it may be quite effective in screening for the
molecular defects in cells that are phenotypically defective for the mitotic
checkpoint. The immunocytological data may help to define the pathways
that are affected in these cells.

3.2 Mouse Models that Test the Link between
Aneuploidy and Cancer

Efforts to directly test the link between aneuploidy and tumorigenesis
have been to conduct targeted disruption of mitotic checkpoint genes in
mice. A strikingly consistent finding has been that mice with targeted
knockouts of these genes are nonviable, dying early in embryogenesis. To
circumvent the early lethality of the total knockouts, partial knockouts have
been generated, in which the mice are haplodeficient for genes encoding the
mitotic checkpoint proteins (Table 1).

Table 1. Characteristics of Mice Deficient for Mitotic Checkpoint Genes

Gene Target BubR1 Bubl Mad2 Bub3/Rael

Genotype +/- h/h' +/- +/-

Expression Reduced Much reduced Reduced Reduced
Checkpoint Loss Loss Loss Loss
Aneuploidy in Yes Yes Yes Yes
MEF's
Spontaneous No No No No
tumours in
young animals
Tumour Carcinogen 5% of moribund Lung tumours Carcinogen
formation induced lung or deceased in minority of induced lung
during lifespan and colonic animals have animals after tumours only

tumours solitary tumour long latency
Other NA2  Early aging, NA NA
phenotypes Shortened

lifespan.

hypomorphic
2 Not Assessed
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A number of other common themes have emerged between the efforts
targeting different proteins:
"* Haplodeficient MEFs show reductions of 25-75% in the expressed levels

of the targeted proteins, indicating that the remaining allele does not fully
compensate for the missing allele.

"* The reduction in expressed protein is sufficient to inactivate the mitotic
checkpoint in response to microtubule disruption (e.g. by nocodazole).

"* Haplodeficient MEFs show increased aneuploidy at the earliest stages
post-coitus when they were harvested.

"* Haplodeficient mice are phenotypically normal in utero, survive birth,
and grow well into adulthood, during which their body mass is similar to
wildtype mice.

"* No spontaneous tumour formation (except for papillary lung cancers late
in life of Mad2-haplodeficient mice.

3.2.1 Mad2

Mad2 null mice die 6.5 days after coitus (Dobles et al., 2000), while
Mad2 haplodeficient mice are viable well into adulthood. Mouse embryo
fibroblasts (MEFs) from the Mad2 haplodeficient mice were found on
metaphase spread analysis to have a high frequency of cells with premature
sister chromatid separation (30-57% of cells), and a likewise high proportion
of cells that were aneuploid (33-60%), suggesting a link between the
chromosomal missegregation and development of aneuploidy. Despite the
high proportion of aneuploidy in embryonic cells, animals were not found to
have early spontaneous tumour development, and live comparatively long
lifespans. Upon sacrifice at 18-19 months, 14/57 (27%) of Mad2-deficient
animals were found to have papillary lung tumours, a tumour that is
extremely rare in wildtype animals. No increased incidence of lymphomas
or other tumours were noted in the haplodeficient animals.

3.2.2 Bub3 and Rael

Rael is a member of the superfamily of WD proteins that is most similar
to Bub3. Findings that included interactions between Rael and Bubl in
cultured cells suggested it may be involved in the mitotic checkpoint (Wang
et al., 2001). Targeted deletion of either Bub3 or Rael in mice showed that
they were essential genes as homozygous Bub3 and Rae 1 null mutants died
by days E8.5 and E5.5, respectively (Babu et al., 2003). Rael haplodeficient
mice were viable and survived to adulthood. MEF's derived from Rael +/-
mice exhibited increased aneuploidy relative to wildtype MEFs.
Nevertheless, spontaneous tumours were not detected in the animals.
Similar to the Rael-haplodeficient MEFs, the Bub3-haplodeficient MEFs
were deficient for the nocodazole-induced mitotic arrest and showed
increased aneuploidy. Retroviral-mediated gene-transfer of full-length Rael
cDNA into both Rael- and Bub3-haplodeficient MEFs restored the
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nocodazole-induced mitotic checkpoint. To further assess the relationship
between Rael and Bub3, mice haplodeficient for both genes were generated.
MEFs derived from embryos that were haplodeficient for both Rael and
Bub3 showed considerably greater aneuploidy than either targeted
haplodeficient MEF alone. Despite the increased rates of aneuploidy of the
compound heterozygote MEF's, the mice were viable and showed no
reduced body mass or spontaneous tumour formation. Lung tumours were
obtained only after the animals were exposed to a potent carcinogen' from an
early age. The frequency of tumours was: WT: 50%, Bub3 +/-: 72%, Rael
+/-: 80%, Bub3 +/- Rael +/-: 90%. Thus, partial abrogation of Rael and
Bub3, either separately or together, did not result in increased spontaneous
tumour formation. A notable increase in the proportion of animals with
tumours was only seen after exposure to a potent carcinogen.

3.2.3 BubRI

Targeted deletion of BubR1 in mice have shown that this is also an
essential gene for embryogenesis (Baker et al., 2004; Dai et al., 2004).
Analysis of haplodeficient BubRI MEF's isolated at day E14.5 showed that
they expressed only about 25%, not the expected 50%, of the level of BubRi
protein compared to wildtype BubR1 +/+ MEFs. The BubRi heterozygous
MEF's are haploinsufficient as they failed to arrest in mitosis in response to
nocodazole. Despite the loss of the mitotic checkpoint, no spontaneous
tumours were identified in any of the heterozygous mice. Application of a
potent colonic carcinogen resulted in a higher average number of colonic
microadenomas, adenomas, and adenocarcinomas in the BubRi
haplodeficient mice compared to wildtype mice (the proportion of
haplodeficient animals which became afflicted with these tumours was not
stated). Other major organs were also searched for tumour formation, and
only the lung and liver showed tumours (the incidence and average number
of these tumours per mouse was not stated).

A fascinating aspect of these animal studies is that the level of expression
of the mitotic checkpoint proteins appears to dictate in a dramatic fashion
the resulting cellular phenotype and embryonic development. Complete
absence of expression of these proteins as in the homozygous knockouts is
incompatible with embryonic development. Partial expression (levels of
protein that are 25-50% of wildtype cells) of protein in the haplodeficient
animals is insufficient to mediate the mitotic checkpoint in response to
microtubule-disrupting drugs, yet it enables normal development, birth, and
growth, including well into adulthood. Even a reduction in the dosage of a
checkpoint protein can be tolerated as long as the cells can delay for
sufficient amounts of time for chromosomes to align properly.

The importance of dosage was demonstrated dramatically in a study of
mice that were engineered to allow for graded expression of BubRI (Baker
et al., 2004). This was accomplished by crossing mice with alleles for
Bublb (encoding for BubRl protein) that were knockout (Bublb-),
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hypomorphic (Bublb H), or wildtype (Bublb *). MEFs were generated that
expressed no BubRI protein (Bublb -), extremely low levels (4% of
wildtype) (Bublb -"), or very low levels (11% of wildtype) (Bublb HH), and
finally low levels of protein. Bublb H/+ and Bublb -/+ MEFs showed protein
levels respectively 29% and 42% of wildtype MEFs.

Interestingly, Bublb -/ (4% of wild type) mice developed unimpeded,
but died within several hours of birth of respiratory failure, suggesting
deficient development of some tissue that is critical to maintain respiratory
fitness. This observation indicates that specific organ systems might have
different thresholds of BubRi protein expression to ensure sufficient
development and growth. In contrast, Bublb HnH mice showed slow
postnatal growth, but survived to adulthood. Finally, the Bublb H1+ and
Bublb '+ mice both showed no discernable abnormal phenotype. The level
of BubRI protein expression that was sufficient to ensure development and
growth to adulthood could therefore be established as between 4 and 11% of
wildtype BubRI levels. The Bubib H/H , Bublb /+ , Bublb -/+, and Bublb+/+
MEFs were assessed for nocodazole-induced mitotic arrest, persistence of
cdc2/cyclin BI kinase activity, and presence of lagging chromosomes (also
known as premature sister chromatid separation) as an indicator of
chromosomal missegregation. Of these, only Bublb H/H MEFs showed
deficient nocodazole-induced arrest, decreased cdc2/cyclin BI kinase
activity, and increased lagging chromosomes. Interestingly, in contrast to an
earlier study, the Bublb -'+, and Bublb+l+ MEFs and animals appeared
similar in every regard, and no increased aneuploidy or deficient mitotic
checkpoint response was noted in the Bublb -/+ MEFs.

The hypomorphic mice showed further surprises. The Bublb H/H mice
generated were followed until 15-16 months of age. Six of the moribund or
deceased Bublb H/H mice were found to have solitary tumours, one of which
was life-threatening. Even more striking was the shortened lifespan and the
appearance of accelerated aging in mice starting at 2-3 months of age. The
mice showed progressive development of cataracts, thinning of dermis and
subcutaneous fat, cachexia, and lordokyphosis, all hallmarks of aging. None
of these were observed in Bublb H/+, Bublb /+, or Bublb +'+ mice. The
physical appearance of the Bublb n/H mice strikingly suggested early aging.
But how was this related to a deficient mitotic checkpoint? Was the
checkpoint deficiency somehow leading to increased cell death? Mice were
therefore assessed for senescence and apoptosis. Beta-galactosidase activity
is increased in senescent cells and so can be usefully employed as a visual
assay when tissue sections are exposed to a substrate that turns blue to
indicate activity of the enzyme. The kidney sections of five month old
Bubib H/H mice showed abundant beta-galactosidase activity, which was
barely detectable in the tissues of wildtype and other BubRI-deficient
backgrounds. MEFs from Bublb H/H mice were also investigated for the
response to hypoxia and were found to readily undergo apoptosis when
oxygen concentration was lowered from the normal 20 to 3%. This
suggested the lack of BubRI resulted in heightened apoptosis under
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conditions of oxidative stress. To further establish the link between lack of
BubRI and aging, BubRi protein expression levels in the testis of wildtype
mice were assessed via immunoblotting. Together these results suggested
that deficient mitotic checkpoint control due to lack of BubR1 led to
increased apoptosis and early senescence.

One additional aspect the BubRi hypomorphic mice bears special
mention. Karyotypic analyses of passage five MEFs from Bubib Hm mice
showed that 36% were aneuploid, almost four times the incidence in
wildtype mice. Karyotypic analyses of adult splenocytes showed 33% were
aneuploid by twelve months of age, with an increased incidence detectable
even as early as two months. The degree of aneuploidy is far greater than
the eventual incidence of tumour formation in these animals.

4. DOES ANEUPLOIDY DIRECTLY PROMOTE
CANCER?

The mouse models clearly showed that aneuploidy by itself often does
not lead to tumour formation during an average lifespan. Similarly, the low
frequency of mutations in mitotic checkpoint genes in human cancers
suggests that they may not be the primary event that triggered chromosome
instability. Consistent with the relative inefficiency of aneuploidy as a direct
cause of cancer, in the report linking BubRI mutations to mosaic variegated
aneuploidy discussed earlier, malignancies were not identified in six of the
eight families studied. The combined data therefore suggest that aneuploidy
resulting from impairment of the mitotic checkpoint appears to be at best an
inefficient mechanism in promoting tumorigenesis. Perhaps the events
giving rise to the development of a cancer phenotype concurrently gave rise
to aneuploidy. It has been proposed that defects in the mitotic checkpoint
may confer a growth advantage to cancer cells, by enabling cells to tolerate
chromosomal anomalies that normally would invoke a cell cycle arrest (see
below).

If aneuploidy in many or most cancer cell lines does not arise from
deficient mitotic checkpoint control, then where does it stem from? In
recent years, it has become apparent that aneuploidy and carcinogenesis can
arise from defects in DNA replication or recombination control. In contrast
to the surprising lack of early transformation in cell lines deficient in the
mitotic checkpoint proteins or early tumorigenesis in animals haplodeficient
for these genes, a number of syndromes involving defects in DNA
replication or recombination control have been identified in which
chromosomal instability, aneuploidy, and increased tumorigenesis are
prominent hallmarks. These include ataxia-telangiectasia, xeroderma
pigmentosum, Nijmegen breakage syndromes, Bloom's syndrome, and
Werner's syndrome, (Modesti and Kanaar, 2001; Thompson and Schild,
2002). Defects in mitotic checkpoint control have not been described for
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these syndromes, nor do they seem required for the chromosomal instability
characteristic of these syndromes. Rather, aneuploidy appears to stem from
aberrant chromosomal duplication and deletions during homologous
recombination occurring prior to the onset of mitosis. The net effect of such
"unnatural acts" repeated over many cell cycles could be the deletion or
duplication of large parts of or entire chromosomes, and potentially the
deletion of genes encoding components of the mitotic checkpoint. Thus, the
development of aneuploidy may antedate mitosis itself.

5. THE MITOTIC CHECKPOINT AS A TARGET
FOR CANCER TREATMENT: WALKING A
TIGHTROPE

Microtubule inhibitors are widely used in the clinic to treat a variety of
cancers. Given our current understanding of the mitotic checkpoint, it
would seem that this may be an important factor that dictates sensitivity of
tumours to these drugs. Indeed, there appears to be some correlation
between expression of mitotic checkpoint proteins and sensitivity to anti-
microtubule agents (Masuda et al., 2003). Breast and ovarian cancer cell
lines that showed little or no expression of one or more mitotic checkpoint
proteins were sensitive to rapid killing by nocodazole and paclitaxel (Lee et
al., 2004). In contrast, cells derived from cervical, colorectal, and renal
cancers that showed stronger expression of these proteins and intact mitotic
checkpoint control, were found to be relatively more resistant to killing by
the same drugs. Importantly, abrogation of the mitotic checkpoint by RNA
interference (RNAi) efficiently reversed drug resistance. Similarly,
abrogation of mitotic checkpoint via the stable expression of RNAi
targeting Mad2 and BubR1 led to massive chromosomal loss and cell death
within six cell divisions (Kops et al., 2004). Antisense and ribozyme-
mediated inhibition of Bubl in normal human fibroblasts resulted in
chromosome instability and massive nuclear fragmentation in many cells
(Musio et al., 2003). Cells developed anchorage independence in soft agar
and did not form tumours when injected into nude mice. Additional
evidence supporting the idea that highly aneuploid cells are often non-viable
came from the analysis of mSds3, an essential component of the
mSin3/HDAC corepressor complex (David et al., 2003). mSds3 is essential
in mice and MEF's lacking mSds3 exhibited defects in pericentric
heterochromatin formation that interfered with centromere function. These
cells were massively aneuploid and were largely inviable.

That disruption of the mitotic checkpoint leads to cell death may be an
oversimplification as there is ample evidence supporting the idea that loss of
the checkpoint promotes cell proliferation. The most striking example
comes from the studies of the breast cancer susceptibility gene BRAC2.
BRAC2 is an essential gene in mice and MEF's isolated from functionally
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null BRCA2 mutant embryos exhibit poor growth in vitro as a result of
elevated p53 and p21 that were induced by DNA damage (Lee et al., 1999).
This growth defect was overcome by expressing either dominant negative
p53 or Bubl mutants. More interestingly, lymphomas isolated from the rare
BRCA2 deficient mice that survived to adulthood, were found to be mutated
in p53, Bubl and BubR1. Thus, disruption of p53 and the mitotic
checkpoint must cooperate with the BRCA2 mutation to promote cell
transformation and uncontrolled proliferation. The intriguing relationship
between BRCA2 and mitotic checkpoint control also highlights the notion
that aneuploidy by itself does not promote cellular transformation
efficiently. Thus, disruption of the mitotic checkpoint may be a secondary
event that provides added growth advantage to cells that have undergone a
transforming event.

How can we reconcile the difference as to whether cells proliferate or die
when the mitotic checkpoint is disrupted? One reasonable explanation
might be the degree to which the mitotic checkpoint is inhibited. If the
checkpoint is completely eliminated, chromosomes have little to no time to
align before cells exit mitosis. Consequently, cells undergo massive
chromosome loss (or gain) that is incompatible with life. This would be
consistent with the fact that mitotic checkpoint genes are essential in mice
(and probably all mammals). On the other hand, heterozygous mutations,
such as those identified in the BRCA2 mutant mice, or those reported in
some human cancers, may retain sufficient checkpoint activity to allow cells
to proceed through mitosis normally most of the time. The chromosome
loss rate per generation may be sufficiently low that a large proportion of the
population continues to proliferate. Along this line, it is also noteworthy
that there is also selective pressure for mutations that cripple but do not
obliterate the mitotic checkpoint. In other words, the mutations found in
checkpoint genes of tumours may have been selected for so as to allow cells
to proliferate in face of chromosomal defects.

6. CONCLUDING REMARKS

The recent efforts to understand the mechanism of action of the mitotic
checkpoint mechanism can provide some insights into the mechanism of
aneuploidy and its relationship to cancer. The current information indicates
that mutations in mitotic checkpoint genes are rare in cancers. Despite this,
many cancer cell lines still exhibit defects in the mitotic checkpoint (cannot
arrest in response to microtubule inhibitors). This would suggest that
additional genes are involved in the mitotic checkpoint. On the other hand,
an important consideration is that the activity of the mitotic checkpoint is
dosage dependent. There are examples where inactivation of the checkpoint
was attributed to the reduced expression of one of the mitotic checkpoint
genes. There is also experimental evidence that mutations in genes that are
responsible for recruiting checkpoint proteins to the kinetochore could
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effectively reduce their capacity to generate the "wait anaphase" signal. The
mitotic checkpoint potential of a cell is therefore not merely dictated by the
level of its checkpoint proteins but must include all the components of the
system that include the APC/C, the amount of APC/C substrates, and the
efficiency by which kinetochores establish productive interactions with the
spindle.

The difference in the mitotic checkpoint status of cancer cells may be
correlated with their sensitivity to drugs that interfere with spindle functions.
The taxanes have shown modest or low efficacy in controlling sarcoma,
colorectal, (squamous cell) cervical and renal cancers, (Edmonson et al.,
1996; Hartmann and Bokemeyer, 1999; McGuire et al., 1996; Patel et al.,
1996), cancers that appear to retain the mitotic checkpoint response when
grown as cell lines in the laboratory. In contrast, the taxanes have been
effective for and have become or will become standard chemotherapeutic
treatment for patients afflicted with lung, breast, prostate, and ovarian
cancers (Crown et al., 2004; Nowak et al., 2004; Patel et al., 1996; Petrylak
and de Wit, 2002; Piccart et al., 2003; Picus and Schultz, 1999; Rigas, 2004;
Shepherd, 2004). Consequently, effective clinical screens should be
developed to profile the mitotic checkpoint status of tumours. This
information would be of value in predicting outcome to treatment with
current drugs such as the taxanes. Cells that have intact checkpoints may
require longer regimens of drug infusion to ensure that the cancer cells do
not simply rely on their checkpoint to overcome the drug treatment. Thus
longer periods of drug exposure may improve tumour response. As
increased exposure to drugs increases undesirable side effects,
pharmacological inhibitors of the mitotic checkpoint should significantly
enhance sensitivity of cancer cells to existing microtubule inhibitors. For
example, inhibitors of the aurora kinases, seemed to selectively prevent cells
treated with Taxol from arresting in mitosis (Ditchfield et al., 2003; Hauf et
al., 2003). As Taxol treatment reduces kinetochore tension that is normally
monitored by aurora B kinase, inhibitors of aurora B would be expected to
sensitise cells to Taxol treatment. As inhibition of aurora B results in the
loss of other kinetochore proteins that contribute towards the mitotic
checkpoint, it remains to be seen if inhibition of those proteins might also
sensitize cells to Taxol treatment. Regardless, it is clear that significant
advances in cancer treatment will be achieved through continued efforts to
elucidate the molecular and biochemical mechanisms that ensure accurate
chromosome segregation.
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